In this paper, the solubility of Choline chloride (ChCl) in ethylene glycol (EG) was measured by isothermal method in the temperature range between 0ºC and 120ºC. The solubility of MgCl 2 in saturated ChCl-EG mixture was measured by isothermal method at 20ºC, 50ºC and 70ºC, respectively. Ionic liquid analogous containing MgCl 2 was prepared based on the measured solubility data. The structure of the ionic liquid analogous is preliminarily investigated by Fourier transform infrared spectroscopy. The physical and electrochemical properties of the ionic liquid such as viscosity, conductivity, molar conductivity and density were measured as function of temperature and compositions. It was found that magnesium ionic liquid analogous was highly conducting and low viscosity. The ChCl and MgCl 2 had a great effect on the studied properties.
INTRODUCTION
The main applications of magnesium salts are to produce magnesium and its alloys. Some researchers were making effort to develop electrolyte solutions in which Mg(ClO 4 ) 2 , Mg(CF 3 SO 3 ) 2 , Mg[(CF 3 SO 2 ) 2 N] 2 and Grignard reagent were used as magnesium source to synthesize a variety of imidazolium ionic liquids [1] [2] [3] [4] . A magnesium-based ionic liquid with wide electrochemistry window was reported 2 . The highly reversible magnesium deposition and dissolution processes on silver substrate in the ionic liquid were described. Moreover, investigation has been developed to deposit magnesium from room temperature [5] [6] . But deep eutectic solvent has recently been considered as alternatives to classical ionic liquids 7 . Room temperature molten salts have been formed by mixing quaternary ammonium salts with metal salts 8 . Since Deep eutectic solvent (DES) possess the same chemical and physical properties with ionic liquids, such as large liquid temperature ranges, high ionic conductivities, and wide electrochemical window [9] [10] [11] , it seems appropriate to classify them as ionic liquids analogous. Works in this area focused on ChCl/ ZnCl 2 7,12,13 , ChCl/urea 9 , ChCl/CrCl 3
•6H
2 O 14 ionic liquid analogous. Abbott has recently developed a range of ionic compounds which are fluid at room temperature. These ionic liquids are based on simple precursors such as ChCl (vitamin B4) which is cheap. Using these liquids, a number of applications are now under development such as electrodeposition of metals, synthesis of cadmium and zinc semiconductor compounds and so on. The electrodeposition of chromium in a mixture of ChCl and chromium (III) chloride hexahydrate has been reported recently 14 . These studies suggest that choline cations can substitute for synthetic cations. Ionic liquids based on ChCl has the additional advantage to be easy to prepare, to be water and air stable, which enable their use in large scale applications. Choline is a naturally occurring biocompatible compound if it was released back to nature. These will provide evidence for the change in properties of ionic liquid. But many physical properties such as viscosity, conductivity, molar conductivity and density of magnesium ionic liquid analogous are few reported.
In this paper, we reported a method of synthesis and characterization of novel air and moisture stable ionic liquids made from magnesium chloride choline chloride and EG. These offer the potential to tailor the physical properties such as melting point, viscosity and conductivity. The advantages of these new ionic liquids over presently available magnesium-containing ionic liquids are moisture stable and much cheaper than imidazolium-based liquids. The ChCl were gradually added in EG in a round bottom flask with three necks until ChCl was not dissolved in the temperature range between 0ºC and 120ºC. The variation of the temperature was done by using a water-bath with temperature control and mechanical stirrer.
EXPERIMENTAL SECTION
ChCl and EG in a molar ratio of 2:5; 7:10; 1:1(saturated) were combined and heated at 20ºC, 50ºCand 70ºC, respectively by Collector-type magnetic heating stirrer. Follow above steps, the MgCl 2 was gradually added in liquid until MgCl 2 was not dissolved and a homogeneous liquid was formed. All synthesis procedures were done at atmospheric pressure. The viscosity, conductivity, density and Cyclic Voltammetry curves (CV) were measured by different instrument when MgCl 2 was added in ChCl-EG each time.
Fourier transform infrared spectroscopy (FTIR) analysis was carried out by a Nicolet Nexus 670 FTIR Spectrophotometer (Thermo Nicolet Corporation, Madison, USA) in liquid films using KBr salt tablets.
The viscosity of magnesium ionic liquid analogous was determined using a rotary (NDJ-1 shanghai yueping scientific instrument Co.,Ltd, China) viscometer. The variation of the temperature was done by using a water-bath with temperature control.
The conductivity and its temperature dependence was measured using shanghai scientific instrument Co., Ltd conductivity meter with temperature and conductivity probes. The variation of the temperature was done by using a water-bath with temperature control.
Cyclic voltammetry were obtained using CS310 electrochemical workstation (WuHan CorrTest Instrument Co.Ltd.). A three-electrode electrochemical cell was used for the electrochemical experiments system consisting of an Ag wire; a platinum wire counter electrode and a platinum wire reference electrode were used. The working electrode was polished with sandpaper, rinsed and dried prior to all measurements. Electrochemical measurements were performed at 20ºC, 50ºC, 70ºC and a scan rate of 20mVs It is noticeable that the solubility of ChCl in EG is considerably high. The solubility of the medium is increasing as the increasing temperature. Force between different groups change to weak. Halide salts can also form complexes with hydrogen bond honors. 15 When more MgCl 2 are added, the numbers of molecules in per unit volume increase which leads to the Van Der Waals Force between different groups become stronger. It also can be concluded that maybe MgCl 2 play the role of bridge that connect the other ionic groups. As more MgCl 2 are added, more bridges are built. Then the network between different groups is formed. Since the formation of network structure, viscosity increases.
It also shows that the viscosity of these ionic liquids is considerably lower than ionic liquid analogous based on ChCl reported previously 14 and are similar to those for most imidazolium based ionic liquids reported previously 1, 15, 16 , suggesting that the H-bonds played a significant role in magnesium ionic liquid analogous. Figure 2 is the FTIR spectroscopy of ionic liquids analogous ChCl-EGMgCl 2 . The broad peak between 3500 and 3000 cm -1 in figure 2 shows the hydrogen bond forming in ionic liquids analogous. The hydrogen bonds formed in system ChCl-EG-MgCl 2 is the H-O…H. The weak peak between 2875 and 2940 cm -1 in the figure 2 also shows the hydrogen bonds H-O…H exist. In the ionic liquid analogous systems, it can be noted the ν C-C at 955.31 cm -1 , 955.06 cm -1 , 958.98 cm -1 associated to ChCl. Compared with ChCl (The FTIR spectra of ChCl is not listed), the frequency of ν C-C is not changed which indicates the structure of Ch + is not destroyed.
Viscosity
Viscosity is an important property of ionic liquids used as electrolyte solutions and low viscosity of ionic liquid is expected. The viscosity of ionic liquids is determined by Vander Waals forces and hydrogen bonding. Electrostatic forced may also play an important role. and R is the gas constant. Table 3 shows that all the data in figure 3 it well to Equation (1). The values obtained for E η helps with the design of low viscosity ionic fluids. Table 3 Activation energies for viscous flow (E η ) and conductivity (E Λ )as a function of liquid composition. Coefficients of correlation (r) for the fits to Equations (1) and (2) 15 , confirming that the ionic species are dissociated in the liquid and can move independently. The viscosity and conductivity are strongly affected by quaternary ammonium salt and hence the fluid properties could be tailored for specific applications.
Figure 6
The conductivity of ChCl-EG-MgCl 2 as a function of ChCl. Figure 6 shows the conductivity of ChCl-EG-MgCl 2 as a function of ChCl. It is noticeable that the conductivity of ChCl-EG-MgCl 2 is the highest at the mole ratio 2:8:0.06. Analogous to the viscosity data, conductivity (s) of ionic liquids has been fitted to Equation (2) 16 (2) The activation energy for conduction ( E Λ ) is listed in Table 3 as a function of composition. As for the E Λ values, they are significantly larger than choline chloride/CrCl2•6H2O ionic liquid analogous (values from 37.8 to 50.5) 14 The molar conductivity was calculated by (3) 19 ( 
3)
Where κ is the conductivity, ρ is the density, and M is the molar mass which is taken as being the molar mass of the three components multiplied by their mole fraction in the mixtures. It is noted that mole conductivity firstly increases, then decreases with the increasing ChCl and decreases as the increasing MgCl 2 . This is consistent with the trend of conductivity. At low concentrations, most of the ions exist as ion pairs, and the molar conductivity is relatively low. The molar conductivity increases as the concentration of triple ion increases according to occur in non-aqueous solutions 18 .
The molar conductivity is inversely proportional to the viscosity of ionic liquid and this correlation is virtually independent of the cation and anion. This has been used as a method of defining the properties of an ionic liquid . The conductivity inconsiderably decreases with the increasing MgCl 2 . For ionic liquids the conductivity is generally governed by the mobility of the charge carrier. Charge carrier decreases with the increasing MgCl 2 , which is probably the formation of complex between MgCl 2 and EG when MgCl 2 is added in the liquid. The large constituent ions of ionic liquids reduced the ion mobility which, in turn, leads to lower conductivities. Furthermore, ion pair formation and/or ion aggregation lead to reduced conductivity. Values are similar to those for most imidazolium based ionic liquids and two orders of magnitude larger than for the choline chloride-zinc chloride system previously studied 13 . This is probably related to the viscosity of the ionic liquid, since the viscosity of MgCl 2 -EG-ChCl shown in figure 3 is similar to that of imidazolium ionic liquid and smaller than ChCl-urea 9 . Comparison between figure 3 and figure 5 , it can be noted that the conductivity decreases with the increase of viscosity in the same compositions. This may be result from the high viscosity prevents the movement of ions. Abbott and co-worker reported the highest conductivity of ChCl-EG ionic liquid analogous at the molar ratio of 1:4 18 . shows a strong linear correlation between conductivity and the reciprocal of viscosity, which shows that the ionic mobility is controlling the conductivity of the liquid. It also shows that since the slope is approximately constant at all compositions, the charge-carrying species is dominated by one species 18 . The relatively high conductivities of magnesium ionic liquid analogous make them good candidates for electrochemical applications, such as electrodeposition, electrofinishing.
Cyclic Voltammetry curves
The clear application of ionic liquid analogous containing magnesium is for the study of magnesium electrodeposition. And reduction potential of the electrolyte solution is one of the important properties. The reduction potential is governed not only by the chemical structure of the materials used but also by the electrode materials, sweep rate of the potential, temperature, solvent, impurity and so on. . As can be seen from the figure 8.a the peak reduction potentials for magnesium is about -1.8V. Figure 8 .b,c,d show the peak reduction potentials for magnesium are very similar in different components MgCl 2 based liquids in the same temperature (50ºC, 70ºC) (-0.315 V and -0.474 V, respectively). But The peak reduction potentials for magnesium is great changing from -0.88V to -1.66V at 20ºC. The large reduction peak at −1.66 V at 20ºC is probably due to reduction of the magnesium cation. It is clear that the reduction process does not produce an entirely adherent deposit, because the charge of the anodic process is much less than that of the cathodic process.
Density
The variation ratio of magnesium ionic liquid analogous density with temperature is shown in figure 9 .
Where ρ is the density, t is the temperature, a and b are a constant that depends on the type of magnesium ionic liquid analogous. The values of a and b for the tested magnesium ionic liquid analogous are shown in Table 4 . 
CONCLUSION
Solubility of chiline chloride was first surveyed in ethylene glycol (EG) and the solubility of MgCl 2 was acquired in saturated ChCl-EG. Magnesium ionic liquid analogous has been synthesized by mixing choline chloride with magnesium chloride and Ethylene glycol. Physico-chemical properties were experimentally measured for this novel magnesium ionic liquid analogous.
Fourier transform infrared spectroscopy shows that the hydrogen bond forming in ionic liquids analogous. It was found that the type of ionic liquid was low viscosity, high ionic conductivity. The effect of temperature and compositions on the measured physical properties was discussed in detail. The viscosity of ChCl-EG-MgCl 2 decreased with the increasing temperature and increased as the increasing mole fraction of MgCl 2 . The conductivity of MgCl 2 -EG-ChCl inconsiderably decreased with the increasing MgCl 2 . The conductivity was the highest at the mole ratio 2:8:0.06 at the same temperature. A straight line equation was used to fit the density while Arrhenius equation was used to fit both viscosity and conductivity profiles. Cyclic voltammetry showed that the peak reduction potentials for magnesium is lower than standard reduction potentials of magnesium (-2.37V).
